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ABSTRACT 



A reviev; of selected previous work in the field of plasma 
oscillations, together with theoretical explanations of the 
oscillations, is given. The components of a gas discharge apparatus 
to investigate plasma oscillations are described, and vacuum system 
operating procedures are discussed. Detection of plasma oscillations 
in the tube, in the 700 to 1300 megacycle range, is demonstrated. 
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1. Introduction 



There is a growing interest in the nature of processes occurring 
in the electrical gas discharge* particularly in the field of low 
pressure discharges. Recent developments in fxxsion are fundamentally 
i^elated to such discharges and there is reason to believe that elec- 
trical noise and sun spot activity may be due to similar phenomena. 

‘ » 

This thesis reports on the construction of a gaseous discharge tube 
designed for investigation of plasma oscillations in a low pressure 
argon discharge. 

2. Plasma Characteristics 

For over thirty years it has been known that radio frequency 
oscillations* called plasma oscillations by Langmuir* can be 
detected in gaseous discharges. The term plasma is applied to a 
region occupied by approximately equal numbers of positive and nega- 
tive particles* so that a maoroscoplc charge neutrality exists. In 
the ordinary positive column of a glow discharge* the positive gas 
ions and negative electrons constitute the plasma. For sufficiently 
high pressures* any negative ions present wovdd quickly recombine with 
the positive ions to form neutral molecules* since these two have 
comparable velocities. Such a region is hl^ily conducting and there- 
fore exhibits a relatively low average voltage gradient. The positive 
ions* electrons and neutrsil gas molecules may or may not be in thermal 
equillbrlimi. Since a plasma is ordinarily established by an electric 
field* the positive ion energies (temperatures) are usually greater 
than those of the gas molecules but much less than those of the 
electrons* which frequently have very high energies (temperatures) 
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In general* the ions and electrons may be assvuoed to have Maxwellian 
velocity distributions [l], although departures from this distributing 
do occur [ 2 ]. Under the influence of an electric fi^ld* the drift 
current density of electrons and positive ions is usually much smaller 
than the random current density so that the Maxwellian distribution 
is preserved* though ion and electron temperatures are increased. 

This increase in energy is greater for electrons than ions* since 
electrons have a greater mobility. Electrons lose little of their 
energy to the neutral particles but the ions will Increase gas tem- 
perature by collision since their masses are comparable to those of 
gas molecules. 

Although a sufficiently large volume of plasma is essentially 
neutral* mlorosoopio volumes are not* due to variations in surround- 
ing charge concentrations* resulting in varying and sometimes rather 
high fields at points throughout the plasma. The ionization of a 
plasma is maintained primarily by electron collisions and also by 
some photoionization [3]. 

Experiments on plasma oscillations in gaseous discharges are 
generally carried out in evacuated tubes* ordinarily diodes* maintained 
at varying pressures. The glow discharges of interest here utilize 
mercury* argon or similar gas at pressures in the low micron range* 

(up to 30 microns)* at plate potentials of up to 1000 volts. ISider 
these coxviltlons the voltage variation across the tube consists of a 
steep rise* considering up as positive* from the cathode to the begin- 
ning of the negative glow* a slow rise in potential across the remain- 
ing length of the tube* and a small sharp rise to the anode. Thus the 
cathode fall* as it is termed* constitutes the major voltage rise 
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which electrons cross in passage to the anode. Since election mobilities 
are greater than positive ion mobilities, the cathode is ordinarily sur- 
ounded by a positive ion sheath. That portion of the discharge which 
is associated with the cathode, from cathode through the Faraday dark 
space, remains fixed in size as cathode anode distance is varied, so 
that frequently in oscillation experiments only those portions of the 
discharge through the negative glow exist between cathode and plate, 
the positive column not being present for sufficiently small cathode 
anode distances. In the negative glov;, except at and close to the edge 
toward the cathode, the concentrations of positive ions and electrons 
are approximately equal so that the discharge here is considered a 
plasma [4] . 

Plasma oscillations are very high frequency oscillations which take 
place in the plasma of a gas discharge, due to local perturbation of 
electron-positive ion densities with later attendant modulation of pass- 
ing fast electrons by means of a feedback or growing wave mechanism. 

3 . Previous Vfork 

In 1924 Langmuir and Mott-Smith [2] , in making investigations of 
the velocity distributions of electrons in a low pressure mercury 
discharge, discovered a group of "primary" electrons some of whose 
energies exceeded the potential across the experimental tube (Fig. 1 ). 

A discharge of this type has a large voltage rise across the cathode 
space charge sheath and the remainder of the tube is approximately 
at anode potential, so that electrons appesiring beyond the cathode 
sheath would be expected to have energies approximating the tube 
potential. Others of the primary group had energies lower thcui 
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expected • with the result that the energies were said to have been 
"scattered" » thovigh the mean energy of primaries was little changed. 

In 1925 Langmuir [l] described further experiments In similar dls- 
cheirgest and proposed several theories » later discarded* for the 
method of energy acquisition of the excess energy primaries. 

Dlttmer [5] studied the veirlatlon In scattering with distance from the 
cathode * anode potential and current * and gas pressure and ascribed 
the existence of high scattered electrons to a fluctuating potential 
In the tube plasma due to oscillations of the plasma electrons which 
he was lonable to demonstrate^ experimentally. Penning [6] discovered 
oscillations of frequencies from ^00 to 600 megacycles and observed 
that electron scattering was accompanied by oscillations. In 1929 
Langmuir and Tonks [7] confirmed the presence of oscillations in the 
1>1000 megacycle range* finding oscillations generally throughout the 
range but obtaining resonance peaks U 3 ader certain conditions (Fig. Z ^ 
They cidvanced a theory of electrons oscillating in a jelly-like posi- 
tive ion plasma* which will be considered later* to explain the oscil- 

I 

latlons* and their results agreed closely with experimentally determined 
freq\ienoles. Oruyvesteyn and Uarmoltz [8] found that the changes In 
electron velocity and concentration of the fast electrons In a low 
voltage arc from a hot oxide cathode occurred In very narrow 
regions* and postulated the existence of micro fields In the plasma to 
explain the effects. In 1939 Merrill and Webb [9] studied the dependence 
of electron scattering v^on plasma oscillations In a mercury arc dis- 
charge. Their experiments were conducted with an oxide coated 
cathode at tube pressures of three to seven microns and plate currents 
of 20 to 100 milllamperes (Fig, 3 ), They determined electron tempera- 
ture and electron concentration using the method of Langmuir and 
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Mott-Smith [2]» the electron velocity distribution using an analysis 
of tube voltage-current characteristics, and the position and intensity 
of electron scattering and plasma oscilations by measurement with a 
iO micron diameter tungsten probe six millimeters long, Plate to cathode 
distance was 1. 5 centimeters. Data for a typical run were as followsT 
Gas pressure 3 microns 

Plate current 20 milliamperes 

Arc drop -11,7 volts w,r,t, anode 

Space potential +8,1 volts w,r,t, anode 



Cathode potential 



-19,5 volts w,r,t, space 
potent isil 



The first scattering occurred at 4.3 millimeters from cathode, 
in an area 0.2 millimeters wide, showing electron energies to 26 
electron volts. The second scattering occurred at 6.1 millimeters 
from the cathode, of the same width, with energies to 33 electron 
volts. There was little further scattering from the second eirea to 
the anode. Each scattering area was closely followed by a region 
where oscillations of 1180 megacycles were noted, creating a cxarrent 
of five millivolts across a crysteil detector. The first oscillation 



was detected at 5.3 millimeters ffom the cathode and the second » nd 
much more intense at 6.8 millimeters from the cathode. Further runs, 
veurylng the plate current and gas pressure, showed that an increase 
in either one caused the oscillations to diminish in intensity and the 
oscillation and scattering areas to move simultaneously toward the 
cathode. At 50 milliamperes and seven microns pressure, for example, 
no oscillations were detectable, whereas at 20 milliamperes and the same 
pressvire. Intense oscillations were detected (Pig. 4 ). The oscillation 
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and scattering regions were found only in areas crossed by primary 
(high velocity) electrons, Merrill and Webb thus confirmed the data of 
Druyvesteyn and Warmoltz* that the changes in electron velocity euid 
concentration of the fast electrons occurred in narrow regions. The 
frequencies of their oscillations corresponded within ten percent to 
those predicted on the basis of electron concentration by the Tonks 
and Langmuir formula [7], They concluded that oscillating plasma 
(ultimate ) electrons received energy from the primary electrons in pas- 
sage through the plasma and in turn scattered the primaries. They 
explained the difference in location between scattering and oscilla- 
tion detection regions by saying that the primaries required transit 
time in order to bunch » after having been through the oscillating 
region • and they showed that the oscillations detected were due to 
collected primaries > not ultlmates. 

Armstrong » Lmeleus* and Neill [lO] continued the investigations of 
Merrill and Webb in tubes with coaxial wire filaments and surrounding 
anodes t and with round plate anodes and various other combinations of 
symmetrical and nonsymmetrlcal geometry» using tungsten emd oxide 
coated cathodes. Tube pressures were on the order of microns in both 
argon and mercury vapor t and plate currents varied from 30-3^0 mllli- 
amperes. Typically* using a coaxial tube with tungsten filaaent and 
Gurgon gas at 18 microns* they discovered three areas of oscillations; 

Area Plate Current Wavelength 

[miUlamperes] [centimeters] 



1 140-150 14.0-14.8 

2 209-230 9. 4-8. 9 



1 e 
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304-307 



5.6- 5.2 



c- 



The areas were assoolated with positions on the tube ourrent-voltage 
characterlstlo, area 1 above being below cxirrent saturation, area 2 at 
saturation and slightly above, and area 3 In a region just beyond 
area 2« Plate voltages were 13.5-19 volts, Armstrong, Emeleus and ^ 
Neill's results may be stated briefly as: 

a. The osolllatlons are stable and reproducible, varying In 
frequency and magnitude over the tube characteristics. 

b. The oscillation frequency agrees with the Langmulr-Tonks 
formula, and Is Indepeivdent of probe bias. 

o. Electrode geometry has no effect on the existence of oscil- 
lations, but anode voltage for maximum response depends on probe 
position. 

d. Wavelength varies Inversely with gas pressure. 

e. There are radial variations In Intensity In a cylindrical 
diode. The axial pattern of osolllatlons In a conventional diode 
followed Merrill and Webb closely. 

f. The occurrence of an electron transit time phenomenon as part 
of the mechanism of oscillation Is Indicated by the fact that, for a 
tube passing a temperature limited current, 

= constant 

X Is the oscillation wavelength, V.j. Is the tube voltage, filament tem- 
perature constant. 

g. Under optimum conditions, about one percent of the anode cir- 
cuit Input energy was recoverable as heat In a bolometer. The high 
frequency energy was less. 

h. Velocity modulation theory does not check quantitatively. 
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In 1950 Wehner [11 ] reported a high frequency oscillator, 800-4000 



megacycles* which consisted of a gas cathode with grid* repeller and 
anode* the first two separated by about a centimeter* in a low pressure 
( five micron) mercury discharge (Fig. 5). Control of frequency was 
solely a function of plate current and voltage* with a fixed cathode 
repeller distance* frequency varying directly with the two parameters. 
Visible darker layers were observed near grid and repeller ion sheaths* 
where the electron concentration was such that the observed frequency 
closely fitted the Langmulr-Tonks equation. Wehner likened operation 
of the tube to the klystron or reflex klystron* the repeller ion 
sheath seizing as catcher of reflector. 

Looney and Brown [12] attacked the problem differently by inject- 
ing an electron beam into the discharge plasma* under conditions 
where the space charge sheaths on the electrodes were closely con- 
trollable (Fig. 6). Oscillations were set up at the Langmulr-Tonks 
frequency and a standing wave pattern was observed with nodes at the 
bounding sheaths. As the electron density varied* the frequency of 
oscillation tended to remain constant* shifting discontlnuously from 



one stable value to the next* the standing wave pattern slmultaneoxisly 
shifting an integral number of nodes* still maintaining nodes at each 
bounding sheath (Fig. 7). Within a greater frequency range* the fre- 
quency is a linear function of sheath thickness. Considering Wehner 's 
analysis of the mechanism of oscillations and setting the distance 
between modulating and energy extraction points of the plasma constant* • 

the relation 



may be arrived at* in agreement with Emeleus* et al. Energy extraction 
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constant * 
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may take place at any point in the plasma where the field has opposite 
sign to that at modulating points. This means there must be a node 
between these two points, Looney and Brown showed that the discontinu- 
ous shifts of frequency and standing wave pattern were such as to meet 
this condition as well as that of Langmulr-Tonks frequency. They pro- 
posed that the standing wave demonstrated provided the necessary feed- 
back mechanism to sustain plasma oscillations* and that the oscillations 
themselves are a type of longitudinal pressvire wave set up in the 
plasma electrons. 

In 1955 Allen [13] showed qualitatively that probe analysis is 
reliable in stvkiying primary^ electron energy scattering. Previously 
some doubt had been cast on probe results, which were recorded during 
plasma oscillations under non-Maxwellian conditions [14]. Allen used 
spectroscopic analysis to show that primary electron energy scattering 
occurred in the plasma at the same position aixl with the same magni- 
tude as that indicated by probe measiu'ements. He found oscillation 
intensity peaks at various distemces from the cathode similar to 
those found by other workers. He showed that these peaks were caused 
by electro-magnetic wave feedback to the cathode from the probe and that 
each peak represents an integral number of beam wavelengths between 
probe and cathode. Further he showed that under a given set of condi- 
tions a disturbeince of a particular frequency has constant velocity 
between probe and cathode, and that this velocity is probably equal to 
the velocity at the meniscus, of the medium speed group of electrons, 
which have energies approximately equal to the anode potential. 

Allen, Bailey and Emeleus [15] have also reported on the appearance 
of discharges in mercury and argon, in connection with areas of 
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The appearance of some oscillating discharges 




x"ig#9 Cathode sheath (I) and meniscus (3). 
The anode was just beyond the right-hand 
edge of the photograph. There is slight 
convergence visible of the beam to the anode 
side of (3). The patch of light near the base 
of the right-hand probe is a reflexion from 
the tube wall 








ig.lO Beams deviated beyond (3). The conver- 
gence of the central beam was often more marked 
than in this instance. The cathode sheath (1) is 
clearly visible 

^ i,g • 11 Collapse of ribbon beams at (3). The 
dark line is a large probe the presence of which 
was without effect. The cathode shield was at the 
left-hand edge of the photograph 

1 g • 1 2 Broadening of narrow beam by oscilla- 
tion. The flat probe is near the right of the 
photograph. A wire probe, not in use at the time, 
is behind the flat probe 
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oscillations. Cbd.de cathodes at a few microns tube pressure were used. 
They observed a basic discharge structure as followsi a thin dark 
apace charge sheath is found on the cathode. From this sheath t a beam 
of primary electrons! bri^ter than the surrounding plasma i proceeds 
toward the anode. This beam is terminated a few millimeters from the 
cathode by a bright meniscus, convex to the cathode, ^Ich freqxiently 
has a dark layer on its emode side. The primary beam splits after pass- 
ing throu^ the iDenlscxxs into approximately conical^ converging and 
diverging beams (Fig. 8 X Strong plasma oscillations are picked 
only in, and toward the anode from, the meniscus. Variatioa of anode 
current and pressure moves the meniscus as described by Merrill and 
Webb [9]. Above a certain current, at constant pressure, the meniscus 
becomes blurred, several high freq\iency oscillations not obviously 
related to one another are detected and noisy low frequency oscillations 
in the kilocycle to megacycle range appear. An axial magnetic field 
stabilized this discharge to high currents. Obserrations of the effect 
of a probe on the meniscus lead to the conclusions that there is some 
sort of feedback mechanism fi'om probe to discharge, and that the main 
growth of scattering occurs in one to two millimeters (Fig. 9,10,11, 

12). In addition, simultaneous high frequency and low frequency oscil- 
lations were noted in a discharge using a six millimeter flat probe so 
placed that the electron stream was perpendicular to it when impinging 
on its surface. The arrangement was roughly similar to that of 
Looney and Brown [12], and showed similar frequency pulling effects. 

The existence of transverse effects in the primary beam was shown. The 
postulated mechanism was that of a slipping stream reaction between 
primary and plasma electrons, initiating near the cathode and b uilding 
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catastro phic a ll y at the znenlscus* thereby generating oscillations of 
both high and low freq\]enoy. 

Very recently Spy!* Field and Gould [16] have produced growing waves 
In a low press\re mercury plasma hy modulating an entering electron 
beam with a slow moving electromagnetic wave» helically propagated. 

They show that the rate of growth rises sharply to a maximum as plasma 
frequency approaches excitation frequency and falls monotonlcally as 
it recedes. This experiment constitutes the first successful verifica- 
tion of the growing wave theory of and Ch’oss and others. 

4. Theory 

A plasma has been described as an essentially neutral body of 
positive ions emd electrons* the response of \diich to a disturbance is 
one of regaining the stable or equilibrium state. In such a plasma* 
an electron is affected by all other particles which surround it emd it 
in turn affects each of those particles. An attempt to derive a theory 
of plasma oscillations considering the individual effects of each 
action pair* summed over all pairs* involves svich complexity as to be 
impossible of solution. All theories of such oscillations therefore 
consider the electron in Hartree* s self-consistent field approximation* 

I 

in which only one electron is considered as a particle* and the effect 
of the others on it is replaced by their smoothed* araraged space charge 
and ounrent distritutlon. The extent to which this approxlsiatian is 
allowable cannot easily be determined mathematioally* but e^qperlaents 
have indicated that the interaction is not very much stronger than the 
theoretical value. 

There are two general approaches to the problem of mathematically 
describing plasma oscillations. The first of these is from the point 
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of view of regular eleotroo streams » without raodota notion, Plm^e [17 ]» 
Haeff [18], Baile/ [19] and Gabor [20], have derived solutions using 
this approach. The second attack considers the plasma in complete 
thermal disorder, Langnmir and Tonks [7}t Vlasov [2l] and Bohm and 
Gross [ 22 ] and others have derived solutions utilizing this basic 
assumption. 

The theories developed considering electron streams are useful 
in showing how plnsirw waves can develop f^om interactions between ions 
and the beam or between two or more beams. For the case of a uniform 
electron cloxxi at rest, with neutreilized charge, Gabor [20] derives the 
dispersion equation 

(c^k^-o^) 0^ ^ = 0^ [c^k (k • Sq) -to^^] (l) 



considering particular solutions of the form 
“a (x, 7 ,z,t) = 5 ^ 

to his self consistent dynamical equations of irrotational electron 

streams. s represents a progressive wave, r the radius vector, 

k the wave vector, perpendicular to the phase fronts and pointing in 

direction of propagation. The scalar value of k is 2tf/\ aixi is called 

the propagation constant. o> is the wave phase frequency. 

is a constant frequency given by 

^2 ^ ^2 



in Qaxissian units. (Derivation of this equation is shown on page 19 ). 
^ is eleetrcn density, e is the electronic charge, and m is the mass 
of the electron, fp = is called the "plasma freqtionoy" [23]. 

The relation between k and 00 is a function of the angle between s^, 
the stream vector and k, the propagation vector. 
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The two oases of Interest aret 

( 1 ) k perpendicular to and ( :^ k parallel to In case ( 1) » 

(transverse waves) the dispersion law is oc? = + o^k^. By defini n g 

a refractive index yu = ^°k, we obtain = 1 - — ^ , This 

shows that frequencies less than oo = are not propagated in the 
quiescent plasma. ^ = is the critical frequency. Note that a uni- 
form translation does not affect the formula for 

For case (2)» k parallel to Sq» (longitudinal waves') » the disper- 
sion relation reduces to o? = or the only possible frequency of 

longitvdinal waves is the plasma frequency » at any wavelength. The 
group velocity » Vg = ^^dk^ = 0| so that the energy of the plasma 
waves is not propagated if the cloud is at rest. If there is a drift i 
the oscillations are carried along with the electron stream. 

Considering two Interacting partial electron streams in the same 
space* with all velocities in one direction* the dispersion law 



b4»comes 









(OM- Vik)2 ^o)fV^ 



= 1 



as derived by Pierce [17] and Haeff [18]. Here o^* and are plasma 
frequencies of each electron stream* equal to — y. D is the charge 

density = en* and aiwi are phase velocities = “/k. 

Haeff [18] Investigated this equation eind found in certain Instances 
complex roots for k * indicating real values for ux Some of these 
roots stood for solutions which Increased exponentially in the drift 
direction* vdilch he Interpreted as explaining the experimentally ob- 
served amplification of small signals. This interpretation is open to 
objection, however [24]. The discrepancy lies in the fact that the 
dispersion equation does not refer to emy boundary conditions and hence 
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oaimot indicate what solutions are physically possible. The disper- 
sion equations above do not consider the effect of a magnetic field. 

Bailey [19] considers the effect of a magnetic field in his 
general theory of plane waves in an ionized gas in the presence of 
static electric and magnetic fields. By eliminating from his equations 
the steady state terms > and considering the variables proportional to 
gi(cut-kz') ^ Bailey determines a twelfth degree polynominal whose roots 
represent the possible waves. Most of these values of k indicate 
attenuating waves i but for certain values of co, k has conjugate complex 
values, indicating a ixarrow wave group which will grow in space and 
time. The presence of a magnetic field increases the possibility of 
wave growth and widens the frequency range in vdiich it may occur. 

The initial theory of the plasma in raivdom thermal disorder was 
that of Tonks and Langmuir [7]. Fast moving electrons were considered 
to be moving in a (smeared) uniform positive backgro\md, created by the 
slow moving (large mass) positive ions. The average charge is neutral 
in a plasma, but local electron irregularities cause fields to be set 
up, ati'ractlng electrons to balance excess positive ions. These 
electrons overshoot the balance position due to momentum and create 
fields in the Oj posite directions. This action results in a simple 
harmonic motion on the part of the electrons. Solution of the dif- 



Thls simple theory neglects the effects of thermal motion of the 
electrons, except as thermal motion initiates the oscillation. 

Bohm and Gross [22] developed a theory for plasma oscillations 
in an unbounded medium of uniform ion density, considering the effects 
of random thermal motions but neglecting collisions oetween particles. 



ferential equation of motion 




above) or, expressed as a frequency, f = 89807i ^ cycles per second. 
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Considering the one dimensional case of longitudinal oscilla- 
tions only» where the amplitudes are small enough so that a linear 
approximation applies* it is found that long wavelength oscillations 
of a plasma with Maxwellian electron velocity distribution are cheurac- 



T = absolute electron temperatvtre 
X = oscillation wavelength 
00 = oscillation frequency 
0^ = plasma frequency 
m = mass of the electron 

This result agrees with that obtained by Vlasov [21], When there is 
no thermal motion, oo = o^, the plasma frequency, and the group velocity 
is zero, indicating that there is no propagation of the oscillations. 

In the case of thermal motion there is a continuous frequency spectrum, 
00 j of undamped waves. 

In developing the dispersion relation, Bohm and Gross showed how 
a moving potential wave in the plasma would trap electrons in its 
trough, caiising them to oscillate there while being transported with 
the wave. Due to differences in velocities, however, the effect of 
such oscillations may be neglected in considering long wavelength 
oscillations, as above. 

The dispersion relation given describes the steady state oscilla- 
tions, and requires that initial perturbations in density and velocity 
meet particular boundary conditions. If the initial perturbations do 
not satisfy the boundary conditions, oscillations of any frequency are 



terized by the dispersion relation oc? = + 

where 




K = Boltzmann’s constant 
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possible. In time, however, such oscillations of freqxiencies not 
given by the dispersion relation get out of phase eind damp out, so 
that only the dispersion frequency is apparent in macroscopic averages. 
The plasma oscillations can therefore be regarded as a dynamically 
stable limiting form of motion, about which small deviations due to 
random motion occur. 

Frequencies far from the plasma frequency are supported only by 
particles moving near potential wave velocity. As the plasma fre- 
quency is approached , cumulative and coherent contributions to charge 
density from all particles serve to build up large potentials, not 
limited by the number of pertlcles at wave velocity. 

The effect of collisions is shown to be to damp the plasma waves, 
and hence to contribute to plasma stability. The dispersion relation 

* (*)(^T - 

where 'T = mean time between collisions. Ifaless there are specific 
excitation processes in the plasma, the oscillations cannot persist. 

The existence of specific excitation processes is first shown by 
considering the effect of the presence of an appreciable number of 
particles of near wave velocity. The expression for the wavelength of 
the oscillations, contains a term which may be either positive or nega- 
tive, indicating excitation or damping. If a special group of hlgfh 
energy particles is present, the expression is positive and excitation 
occurs. Particles near wave velocity are affected by a field for a 
relatively long time. Those emerging from a collision with velocities 
greater than the wave are, on the average, slowed down, losing energy 
to the wave. Slower particles are speeded up, gaining energy from the 
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wave. The positive expression referred to above indicates more fast 
particles than slow ones and a resulting increase in wave energy. 

In the case of a plasma of varying density » a wave moving in the 
direction of decreasing density suffers a decrease in phase velocity. 
Expressing k as a function of oo, utilizing the equation for plasma 
frequency , 

~ = plasma density. 

AsTiq^x) decreases* k increases or the wavelength, X = 2^/k, and phase 
velocity, Vph = cq/k both decrease. If the decrease is slow, trapped 
electrons will be slowed down continuously, losing a maximum of energy 
to the wave, until thermal velocity is reached', where the mechanism 
fails. Conversely, trapped electrons may be accelerated, a possible 
mechanism for cosmic particle acceleration. 

Finally, the presence of electron beams of well defined velocity 
causes instability of the plasma, with resulting amplification of small 
oscillations \mtll limited by non lineeir effects. Beams of large velocity 
spread bimoh at different points, so that eimplification and instability 
are reduced. Special groups of particles may be said to create the 
oscillations which scatter them, since the plasma can modulate more 
efficiently under conditions of coherent oscillation. 

5. Equipment 

The equipment used in this experiment consisted of four main 
components as follows; 

(1) Gaseous discharge tube, in which the oscillations were 
produced, 

(2) D.C, circuits for the control of the discharge conditions. 

(3) High frequency detection equipment, 

(4) Vacuum system for the evacuation and filling of the tube. 
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a. Disoharge Tube. Fig. 13 is a detedled drawing of the tube used 
in this work. It was constructed at Stanfcrd Research Institute » Palo 
Alto, California. In as much as previous workers in the field of 
plasma oscillations have gathered considerable data using various tube 
designs, it was considered necesseury that the tube be flexible enoxxgh 
so that verification of previous data would be possible. In addition, 
it was hoped that some new characteristics of the oscillations might 
be observed. Allen [13] recommended larger disc electrodes for 
cathode and plate and also a cathode of rugged design which would 
withstand ion bombeu:*dment at high plate voltages. It was decided that 
a standard wire probe and a split ring probe shoxild be used for prob- 
ing the plasma. All of these design requirements were built into the 
tube. In addition, a control grid was introduced to allow further 
flexibility in discharge conditions. 

The cathode arrangement is a Gabor type gas cathode [25]. This is 
a cathode where the discharge beam electrons are produced in an almost 
field free region. In this case, the field free region was produced 
by enclosing the tungsten filaments in a nickel cylinder with a screened 
opening at one end for the emission of the beam, and a ceramic disc 

closure at the other end. The filaments were designed for a maximum of 

1 

one volt drop heating current so that a minlmxan of field would be pro- 
duced inside of the grid, which covered the filaments. This arrange- 
ment also gave additional control over the discharge by allowing varia- 
tion of the grid potential with respect to the filament. 

A second cathode arrangement also used was designed along more 
conventional lines. It consisted of two colled tungsten filaments 
which could be operated separately or in series, with a voltage drop of 
approximately 9v across each element. The flleiments wore enclosed in a 
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quartz oyllnder with a nickel ring around the eiolsslon end which could 
be employed as a grid, 

I 

The tungsten wire probe was patterned eifter a design recommended 
by Wehner and Medicus [26]. The split ring probe is an attempt to de- 
sign a probe which would be capable of detecting osoillatlons with the 
minimum dlsturbanoe to the discharge* while also being capable of dis- 
tingiilshing between different lateral modes of oscillation. This probe 
could be rotated so that the plane of the ring could be placed either 
perpendicular or parallel to the discharge beam. 

All electrodes in the discharge tube were attached to soft iron 
oyllndrloEil cores sealed in glass. These provided for movement of the 
electrodes with magnets. The grid to plate distance could be varied 
from zero to eight centimeters. The electrode spacing was accurately 
measiired by the use of a travelling telescope* which was accurate tc 
+ ,0025 mm, 

b, D,C, Circuits, The circuits used for control of the discharge 
and probe biasing are shown in Fig, 14, The main D,C, power used for 
the tube potential was obtained from a voltage regulated power supply 
manufactured by Kepco Labora.torles * Model 1250B, Power was available 
at zero to one thousand volts* at zero to five hundred milllamperes* 
regulated to less than 3 millivolts RMS. 

Nickel - Cadmium batteries were used for the filament heating* and "B" 
batteries for the grid eoid probe biasing. 

All D, C, circuits were wired through a central control panel to 
allow rapid changing of meter scales* and reversing of polarities* in 
the case of the grid and probe bias. All voltmeters and ammeters were 
capable of being shunted or opened so that independent and accurate 
measurements could be made. 
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c. High Frequency Detection Equipment. The high frequency detec- 
tion equipment consisted of a superheterodyne frequency meter TS-186D/UP 
with built in crystal cedibration. This meter determines the unknown 
frequency by comparing it with a known frequency » indicated by a null 
reading on a sensitive VTVM. The accuracy of the meter was within 
,01^ , with a sensitivity of 0,? millivolts* and a range from 100 - 
10»oro megaoylles. 

In addition a Hewlett-Packard Model 150A oscilloscope was lised ac 
across the tube for detection of lower frequencies. 

d. Vacuum System, The vacuum system used was pattenied after the 
ultra-vacuum system described by Alpert [27]. Vacu\aas on the order of 
10”^® mm of mercury are easily obtainable with this glass system. The 
principle features of this system are the Alpert ion gauge, and the use 
of metal valves in lieu of stopcocks. The use of metal valves removes 
one of the major limiting factors of high vacuum. The Alpert ion 
gauge, which minimizes the residual collector current due to soft 
x-rays, makes possible the measurement of ultra- vacuums. Also, the 
ion gauge was used as a pump below the minimum pressures of the oil 
diffusion pump. A schematic diagram of the vacuum system is shown in 
Fig, 15, 

Baking out of the system, which is always required for these 
ul tra- vacuums , was accomplished by placing a portable electric oven 
over the entire system, except for the oil diffusion and fore-pumps. 

I 

In as much as plasma oscillations occur at gas pressures of 10" ^mm 
of mercury, it was necessary to find a gauge which was capable of accur- 
ate measurement of pressxires in this range and which would not contribute 
einy contamination to the system. Solution of this problem was first 
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attempted by usintT a Pirarii gau'^e, vitiich had teen carei'ull^'- calibrated 
and which had a flashing circuit for filament cloaniny, so that th'-' 
pressure indications W'-uld bo stacilized to the absolute c'ili ration. 
Flashing was accoinplished by introducin.-* 10-13 7olts AC across the 
filaments, which raised their tenperature to apprvxoinatoly 900°C and 
removed any heat transfer contaminants. Although tl.is prccedurc 
increased the reliability of the pressure indicatioiis, it still did 
not produce readings v/hich wore sufficient!;.’' reproduci^l' . 

It was next decided that the Alpert ion gauge ri r]-jt 'no calibrated 

to extend into the micron ran;e, in as nich as it utilises an irri^imm 

■% 

filament ’.fhich is not d-maged oven when operated at atmospheric pres- 
sures. This approach was not successful due to non-linearities of the 
gauge in the micron range. 

It then became apparent that there vfas no commonly used pressure 
gauge for the micron ran/;e, with the one exception of the McLeod nor- 
cur;^ gauge, which was ruled out due to nercur-' ccntiiminatio' . On a 
suggestion of Dr. Cleson, a Lanymuir viscosit; gaujc [2S] was ccj — 
structod, a diagram of which is shewn in Fi:'. 1 . Alt!ou ':} this 
instrument is not now, it has solved a rather perploxri , pro'll omj 
therefore a few comments on its operatlor id.ll be nuadc. 

It will be noted from the dia.’ram that the /..u e is a bimp3.o 
quartz fiber in a 'vortical suspensio . by means cf a mayiet, a ;lass 
arm with metal core is used to set the fiber in vibration. LcJi -jiauir 
found that in the range 10”^ to 10“^ ran of mercury', tlie time rc uirod 
for the amplitude of the oscillating fibvar to decrease by one-half was 
linearly related to the pressure of the surreunding gas. 
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This relationship is as follows: 

■p iTm = -f - b 

where P = pressure 

M = moleciilar weight of gas 
t = time for amplitide to decrease one-half 
a^b = constants 

The values of a and b must be determined by calibration with an abso- 
lute gauge such as the McLeod gauge. Results of such calibration are 
shown in Fig. 17. Measurements were made using argon, neon and helium. 
Due to the extremely sensitive nature of this instrument, variations 
in atmospheric water vapor content resvilted in definite changes in 
pressure indications. Therefore data which was taken on air were not 
standardized, and are not reported herein. The dotted lines shown on 
the calibration graph are the expected values as predicted by the 
above equation. It will be noted that excellent agreement has been 
obtained for argon and neon. For helium, the results indicate the 
presence of a gas of larger molecular weight than that of helluai. 

This was the case, in as much as the vacuum system .on which this data 
was taken was not cleaned of all residual gases. It should also be 
noted that the upper limit of linearity is approximately 30-70 microns, 
depending on the gas used. 

Photographs of the discharge tube and overall system are shown 
in Figs. 18 and 19. 

6. Vacuum System Operation 

With the exception of the metal valves and ultimate vacuum, the 
system was operated along conventional lines. After repair of any large 
leaks, the system was pumped down to 10*^ millimeters of mercury 
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Plg» 18 Experimental Tube 
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Fig, 19 General Experimental Arrangement 
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pressure in six to twelve hours ( the range at which absorbed gases 
usvially lijnit any further decrease in pressure, except after prolonged 
pumping or bakeout^ , The bakeout oven was then lowered over the system 
and the temperature raised to 450° C for four to six hours, followed 
by slow cooling with the oven in place but turned off. About six to 
eight hours was required to cool to ro.m temperature. The ion gauge 
was then outgassed for one-half to three quarters of an hour, followed 
by system pump down to the diffusion pump ultimate, 5 x 10“ millimeters. 
At this time, the isolation valve was closed so that the ion gi^uge 
could complete pumping down to the ultimate vacuvun. In about two to 
three hours, pressiireSof 5 x 10”"^ millimeters were reached, and very 
little further decrease in pressvjre coxild be obtained, when the volume 
of the system was three to four liters. On previous occasion? , pres- 
sures of 5 X 10“^® millimeters were obtained on the same system with a 
system volume of six tenths of a liter. 

Leaks were detected with a Tesla coil prior to diffusion pimap 
operation, and with a sensitive bridge circuit and Pirani gaiage for lower 
pressures and leaks in and aroimd metal fittings. Both of these methods 
are commonly used and will not be discussed here*, however, it should be 
noted that the Pirani gaiige method was found to be capable of detect- 
ing leaks as small as 5 x 10 liters per second. 

Certain precautions are necessary for effective operation of the 
metal valves. During bake-out the driver mechanism is always removed 
and the valve held in an open position with a bracket and screw. This 
prevents the screw threads from becoming frozen in one position during 
bake-out. Caution must also be used when opening a valve, so that the 
diaphragm is not ruptured l5y opening too feir. If the valve is opened 
no more than one turn after the valve is ftee to turn by hand, the 
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possibility of over opening is prevented. Two valves were accidentally 
exposed to atraospheric air during bake-out when a break in the glass 
tubing occurred. The exposure oxidized the valve interiors and rendered 
then useless due to their high internal conductance, even when they 
were seated with tvjice the recomnended tor^^ie (20 ft-lbs.). Of the 
tv.'O valves described by Alpert [°27j , the differential drive t;'"pe proved 
far superior, because less torque is applied to the diaphragm, and 
metering of gas can be controlled to a finer degree. 

After the ultimate pressure of 5 x in“9 niUlmeters of mercury 
was obtained, the line to the spectroscopically pure argon bottle was 
closed and the electrodes vrero degassed by use of an induction heater. 

' hen the pressure rise due to degassinr was above the diffusioii pun^ 
ultimate (lO”'^) the isolation valve was opened for continuous pumping 
diirin the remaining degassing procedure . Filaments were also operated 
at maxiaaim ratin' (25C0°K) usin' 4.4 amperes heating current for approxi- 

_7 

matf'i,- tv'o h-^ur',' . The s., stem vas then pupped down to 3 x IG nilli- 
U' tc.rs, rcai' fillin . The sp ^ctrcscopic argon was metered 

into the system tnrou;;h the liquid air trap until a pressure of two 
millimeters was oV)tainsd. This procedure was repeated again after 
pur.T;inf' down sc as to . ive a flushing action. The tube was then filled 
to a pressure of 10“^ millinoters, ready for gaseous discharge operation. 

It is oot.imatod that the aboa'e procedures resulted in a contamina- 
tion of loss thtan one p rt in ic?-^. IIo further sources of contamina- 
tion, such as stopcocks, were present, except for minute quantities 
from the electrodes. 
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7. Results 



The work with the first cathode t eiuploTlng five straight filaments 
In parallel t was not successful. Presence of the meteil cylinder and 
screen wire surrounding the filaioent caused the electrons to be trapped 
Inside » with the result that the emission current was too small to 
give measurable oscillations. Removal of the wire screen improved 
emission t but not enough. The large heating current necessary also 
contributed to the fragility of the deslgn> for in case of single 

4 

filament failure* the other filaments were required to carry a heavy 
overload. It was concluded that operation under such extreme conditions* 
while desirable from the standpoint of redviclng the voltage gradient 
in the cathode* was not feasible. 

The work with the second cathode* which was of more conventional 
design* was successful. Effort was aimed at detecting plasma oscilla- 
tions in connection with plotting a plate voltae,e versus current ciirve* 
so that the oscillations could be located along the characteristic* as 
in the work of Armstrong euid Emeleus* and Neill 6uid Emeleus [10]. 

Tube parar^ters and conditions of operation applying to the figures 
are given below. 

Tube parameters: 

Plate to grid separation 18.76 millimeters 

Filament heating current 4 amperes 2000° K 

Grid voltage (w.r.t. negative filament ) -1,0 volts 

Probe voltage (w.r.t, plate ) 0 volts 

Operating conditions: 
a. Figure 20 

Pressure 6.4 microns 

Temperature (Room ) 26.9°C 
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No probes in discharge 



b. Figure 21 



Pressure 



3.1 microns 



Temperature ( Room ) 




Ring probe to grid separation ( from 

grid to cathode side of ring probe) 0,92 millimeters 



c. Figure 22 



Temperatxire ( Room) 



Pressure 



6.4 microns 
26.9°C 



Ring probe to grid separttioo 



2.01 millimeters 



d. Figure 23 



Temperature ( Room ) 

Ring probe to grid separation 



Pressure 



6.4 microns 

26.S°C 



4.03 millimeters 



The oscillations observed are shovm in each figure. The lower fre- 
quencies, which were obsei*ved on an oscilloscope connected across the 
negative filament and plate leads, are shown on the left hand side of 
the characteristic curve, with peedc to peak voltage shown in parenthesis 
after each frequency. High frequency oscillations, which are believed 
to be associated with plasma oscillations, are recorded on the right 
hand side of the characteristic curves, with relative intensities in 
parenthesis. The plasma oscillations were detected using the ring 
probe and frequency meter. A tunable stub in the probe circuit was 
used to differentiate between harmonics and find the approximate wave- 
length. By tuning the stub, the impedance to the high f requency signal, 
in the direction of the probe biasing circuit, was changed, decreasing 
the si^eil to the frequency meter at half wavelength points and increas- 
ing it at quarter wavelength points. [See figure 34] 
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Frequencies reported on these characteristic curves should not be 
interpreted to mean that oscillation did not occur at other points along 
the curve, ' It was early recognized that the probe wiring arrangement 
in the tube produced a large attenmtion to high frequencies* making it 
possible to obtain no oscillation indication from the frequency meter 
when oscillations of low intensity might actually be present, 

A sample probe characteristic analysis was made under slightly 
different conditions than reported above, using the method of Langmuir 
and Mott-Smith [ 2 ], By applying the electron density found in this 
analysis to the Langmuir-Tonks plasma frequency equation [7], a fre- 
quency of 580 megacycles per second was predicted. Thus the oscilla- 
tions reported in this thesis appear to be of the correct order of 
magnitvide. 

When the corresponding positive ion density is applied to a simi- 
lar equation for positive ions, a frequency of two megacycles per second 
is obtained, indicating that the lower frequency oscillations reported 
herein can be associated with positive ion oscillaticcs. 

The data above was taken with the two halves of the split ring 
probe connected together. When only one half of the ring was used for 
detection, grounding the other half through the probe biasing circuit, 
the intensities decreased by about one-half. 

In order to establish that high energy scattering was occurring, 
probe characteristic curves were recorded at points where high and low 
freuqency oscillations were occurring simultaneously, and also at 
points where no oscillations could be detected. Fig, 24, (a), (b) »nd 
(c ) show the .results of such measurements. 



- 43 - 



* 





F/9./2'f 


Mre 


ohe Chaifc 


[ciensbics 




-r 




\j 

, -i 

t%if\ 


h^Yimum 


£kcfrt>n£n 


^9J, 


-- 






•f • f ■ 

r 


-ft; 






^Tubi 


( Voffege 24A 


,wih 

1 






-A O- 




o ~i 


O "Z 


O -/i 


0 i 




^ 

-f 


S' 

-\ 

. . k La - 1 r\ 


V»Hs 


zlecfm£7]er£ 
^ 


^' ' V 






Cb) 




^ "10 

1 - '■ 

«> 




^ 

! 


• lube' 


vblISfe Z4.2 


/oils 

! . - 


' 




T-' 

^ 


> 

> 


3 -3 


5 ^ 


0 '/ 


P < 


3 




o 

t ^ 


fkmmii 

^^1 i/olk - 


'ecim[nerg\j, 


1 

j 


i J0 

1 




(c) 


% r 1 

* « 

-t* 1 

* ' 1 - i 

* ] 


”--tt> 






^Tabe \ 


io)%e 25:Z 


Uk 




» -- , 






0 -3 


^ -££> 

Probe VoHdge^ Vs^ voH 

1 

i 

t 

1 


o i 

[5 


) 

1 





- 



Fig. 24 1 (a) and (b) were both taken at the point marked in 
Fig. 23 when plasma oscillations and positive ion oscillations were 
occurring simultaneously. • Fig. 24 (c ) was recorded at point in 
Fig, 23 where no osoilation could be detected. Fig. 24 » (a) and (b) 
demonstrates the reproducibility of the characteristic when probe clean- 
ing is used immediately prior to taking data. All three characteristics 
indicate that there eire present in the discharge electrons with energies 
approximately 4-5 volts greater than the cathode-plate potential, con- 
sidering the grid potential, which was -0.90 volts with respect to the 
negative filament lead. This Indicates that high energy scattering, 
which has been associated with plasma oscillation, was occurring even 
though the high frequency detection equipment failed to detect any 
oscillations in case (c ) above. 

Probe characteristics recorded without prior cleaning of the 
probe resulted in completely erratic results, showing that cleaning 
of the probe was necessary. The probe was cleaned of absorbed £o*gon 
by applying a positive voltage to the probe sxifficient to dr<iw two to 
three milliamperes of current, which heated the probe to cherry red. 

Fig, 25, (a) and (b), shows typical waveforms of the lower fre- 
quency oscillations. In peirt (a), 1 and 2 are the beginning of a band 
of continuous frequency, and 3 (Upper and lower) are the end of that 
band. The extent of frequency pulling is seen to be 5,8 kilocycles. 

The pairs of traces in part (b) show individual frequencies en- 
countered as the applied voltage was increased. In these oases, each 
frequency is discrete and there is no appreciable freqviency pulling. 
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Data for the traces is tabulated below 



Photo 


Part 


''p 

volts 


volts 


Anplitude:' 
volts » peak 
to peak 


Freq. 


Scope Connection 


a 


1 


49 


-5 


0.64 


20. 5 kc 


Grid to fil, neg. 


a 


2 


49 




40.0 


20. 5 kc 


Plate to fil, neg. 


a 


3 

upper 


47 


-5 


44.0 


26.3 kc 


Plate to fil. neg. 


a 


3 

lower 


47 


-5 


0.9 


26.3 kc 


Grid to fil, neg. 


b 


1 

upper 


27 


-5 


0.4 


143 ko 


Plate to fil. neg 


b 


1 

lower 


27 


-5 


0.03 


145 kc 


Grid to fil. neg. 


b 


2 

upper 


26 


-5 


1.75 


98 kc 


Plate to fil, neg. 


b 


2 

lower 


26 


-5 


0.19 


98 kc 


Grid to fil, neg. 


b 


3 

upper 


26 


-5 


.075 


1.6 Me 


Plate to fil. neg. 


b 3 

lower 

8. Conclusions 


26 


-5 


.020 


1.6 Me 


Grid to fil. neg. 



The primary objective of this work was to place in operation a 
discharge tube in which plasma oscillation could be observed. As evi- 
denced by the high frequencies detected (700-1300 megacylces per second) 
and the high energy scattering! it is believed that plasma oscillations 
were generated. 

Failure to detect more plasma oscillations on the characteristic 
curve is attribuied to the high attenuation characteristics of the 
probe lead wires. The presence of the metal cores for probe movements 
and the coiled probe leads necessary for probe movement undoubtedly 
were the chief offenders. 
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By compsiriaon vd.th data obtained by tineleus, et al» [10] a sample 



of which is shown in Fig. 26> it can be ooncluied that the plasma 
oscillations observed in this work correspond to those fovmd by Emeleus 



With two exceptions » plasma oscillations detected were obsei*ved 
simultanepusly with lower positive ion osci3J.ations, Here is might be 
concluded that there is a relationship between the two. Certainlyi if 
the two types of oscillations are occurring in the same plasma there 
must be a relationship. This idea is further strengthened by the fact 
that it was observed that the amplituie andi in some cases i the sta- 
bility of the low frequency oscillations were diminished when high 
frequency energy was removed through the frequency meter, and also when 
the tuning stub in the probe bias, circuit was set at a low Impedance 
point, 

Allen [13] hypothesized a feedback mechanism from the detecting 
probe as a means of explaining the oscillation Intensity peaks nor mall y 
obtained as the pro^-e is moved longitudinally along the discharge. 
Electromagnetic radiation from probe to cathode was the basis of the 
mechanism. He determined that the velocity of the oscillation through 

g 

the discharge was approximately 2,1 x 10 centimeters per second. Using 
this figure and a frequency of 700 megacycles per second, the Wavelength 
of the disturbance would be three milimeters. The width of the ring 
probe was measxxred accxirately and found to be 2.78 millimeters. This 
means that the probe covered nine- tenths of the disturbance pattern, 
if a longitudinal electron density variation is assumed as the mode of 
the plasma oscillations. This xmdoubtedly was another contributing 
factor in high frequency attentviation. 



in the region marked 
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Tho decrease in plasma oscillation intensity which was observed 
when only half of the split ring probe was used is compatible with the 
travelling density variation model of plasma oscillations as well as 
the model in which the plasma electrons are pulsating in a direction 
radial to the discharge axis. 

9. Recommendations for further work 

a. In view of the high frequency attenuation characteristics, 
probe lead wires in the existing tube should be shortened. 

b. The split ring probe should be replaced with a continuous wire 

loop, of small wire diameter but the same loop diameter (2.5 centi- 

•% 

meters). The support and lead from the ring should be connected to 
the top or bottom of the ring, 'fhis vd.ll allow tilting of the ring 
tranverse to the discharge so that space-time phase relationship can be 
obtained similar to that of a travelling wave antenna. 

c. Conduct an investigation into the effect on oscillations of 
varying grid bias. (The grid was originally intended to be the origin 

of the oscillations, with a negative voltage applied. The data reported 
tend to indicate that oscillations are originating at the filament). 

d. Extend the range of investigation along the tube characteris- 
tic above saturation. 

e. Investigate farther any possible connection between the low 
and high frequency oscillations. Observations using a photomultiplier 
should enable one to determine if moving striations are present and whe- 
ther they are associated vd.th the lov; frequency oscillations. 
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